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consj-dered to be unreportable under the instructions of NHB 2170.2 
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AR S TRACT 
Li fe t ime samples have been prcpared  from c r y s t a l s  c o n t a i n i n g  Na, R e ,  
C1, and A 1  dopants  and f r o m  E- and P-doped c r y s t a l s  c o n t a i n i n g  v e r y  h i g h  
oxygen c o n c e n t r a t i o n s .  Pre l imlnary  measuzemcnts i n d i c a t e  t h a t  n e i t h e r  
t h e  Be nor  t h e  Cl-doped m a t e r i a l  w i l l  be s a t i s f a c t o r y  f o r  l i f e t i m e  s t u d i e s  
because of t h e  pool. q u a l i t y  of t h e  m a t e r i a l .  S t u d i e s  of l i f e t i m e  
d e g r a d a t i o n  i n  v a r i o u s  m a t e r i a l s  by 2 MeV e l e c t r o n s  and t h e  subsequent  
recovery of l i f e t i m e  by thermal  a n n c a l i n g  i n d i w ’ e  t h a t  bo th  t h e  damage 
r a t e  and a n n c a l i n g  behavior  a r e  s t r o n g l y  dependent upon t h e  type  of 
i m p u r i t i e s  i n  t h e  sample. I s o c h r o n a l  annea l ing  s t u d i e s  were performed 
on fi-vc i d e n t i c a l  samples which had been i r r a d i a t e d  w i t h  a r e l a t i v e l y  low 
dose of Co 60 y-*rays. Although t h e  samples had been completely annea led  
fo l lowing  a prev ious  i r r a d i a t i o n  i n  which ea.ch r e c e i v e d  a d i f f e r e n t  dose,  
t h e  amount of rccovcry  dur ing  t h e  second annea l  was dependent upon t h e  
dose r e c e i v e d  cluring t h e  f i r s t  exposure.  An a t tempt  t o  d i s t r i b u t e  L i  
uniformly throughout  a l a r g e  bulk  sample by d i f z u s i o n  i n  an i n c r c  
atmosphere proved unsuccessfu l  and i n d i c a t e s  t h a t  t h e  apparent  l o s s  o f  
L i  from samples a f t e r  prolonged h e a t i n g  i s  due t o  p r e c i p i t a t i o n  r a t h e r  
t h a n  t o  evapora t ion  from t h e  s u r f a c e ,  
INTRODUCTION 
This  r e p o r t  d e s c r i b e s  some p r e l i m i n a r y  s t u d i e s  of t h e  e f f e c t  
of c e r t a i n  non.Sconventiona1 dopant impuri t j -es  o r  h i g h  oxygen concentra-  
t i o n  on the car r ie r  l i f e t i m e  d e g r a d a t i o n  of s i l i c o n  by 2 MeV e l e c t r o n s .  
These s c u d i e s  weze  undertaken t o  i n v e s t i g a t e  t h e  recombinat i  on proper-  
t i e s  of t h e s e  dopants and t o  determine whether t h e  u s e  of such irnpuri- 
t i e s  might permit  t h e  c o n s t r u c t i o n  of  s o l a r  cel ls  and o t h e r  devices  
more r e s i s t a n t  t o  r a d i a t i o n  t h a n  t h o s e  c u r r e n t l y  employed. I n  a d d i t i o n  
t o  these s t u d i e s ,  t h e  recovery  of l i f e t i m e  by thermal  a n n e a l i n g  fol low- 
i n g  2 MeV e l e c t r o n  i r r a d i a t i o n  and Co y i r r a d i a t i o n  i s  be ing  invesLi-3 60 
.gated t o  f u r t h e r  e v a l u a t e  p o s s i b l e  impur i ty  e f f e c t s .  
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TECHNICAL DISCUSSION 
SAMPLE PREPARATION 
A l l  of t h e  c r y s t a l s  t o  be used  i n  t h i s  s t u d y  have been r e c e i v e d  
and a major p o r t i o n  of t h e  e f f o r t  d u r i n g  t h i s  q u a r t e r  was devoted t o  
sample p r e p a r a t i o n  and p r e l i m i n a r y  l i f e t i m e  measurements. Samples 
c o n t a i n i n g  excess  oxygen i n  a d d i t i o n  t o  t h e  normal phosphorus and 
boron dopantss, c o n t r o l  samples c o n t a i n i n g  t h e  same dopants b u t  less 
oxygen, Al-doped samples grown by two d i f f e r e n t  techniques  ( d i f f e r e n t  
oxygen c o n t e n t s )  and Na-doped samples h2d reasonably  long  l i fe t imes 
and should prove u s e f u l  f o r  t h i s  s tudy .  The C1- and Be-doped m a t e r i a l s ,  
on t h e  o t h e r  hand, do n o t  appear  t o  be u s e f u l .  Both of t l e s e  c r y s t a l s  
15  -3 are  p-'type and supposedly c o n t a i n  approximately 10 
Although we have n o t  been a b l e  t o  a p p l y  ohmic c o n t a c t s  t o  C1-doped 
samples t o  determine t h e  r e s i s t i v t t y  a c c u r a t e l y ,  p r e l i m i n a r y  r e s i s t a n c e  
4 measurewnt s  i n d i c a t e  t h a t  it; i s  extre:ncly hjgli ( - 2.8 x 10 
I n  c o n t r a s t ,  tlic Be-doped c r y s t a l  has a low resjstiviky (0.86 ohm-cm) 
b u t  t h e  l i f e t i m e  i s  on t h e  o r d e r  of only 0,2 ps. This  c r y s t a l  i s  a l s o  
P-tY P e  0 
dopant atoms CEI . 
ohm-cm). 
Attempts w e r e  made t o  i n c r e a s e  t h e  l i f e t i m e  of t h e  Be-doped 
m a t e r i a l  by v a r i o u s  h e a t  t r e a t m e n t s .  It was hoped t h a t  such t r e a t m e n t s  
would cause  excess  Be t o  p r e c i p i t a t e  i n  t h e  c r y s t a l  and r e s u l t  i n  a n  
i n c r e a s e  i n  b o t h  t h e  l i f e t i m e  and r e s i s t i v i t y .  Although annea ls  a t  
700°C produced v e r y  l a r g e  r e s i s t i v i t y  changes i n  t h i s  m a t e r i a l ,  t h e s e  
t r e a t m e n t s  u n f o r t u n a t e l y  d i d  n o t  produce t h e  d e s i r e d  l i f e t i m e  improve- 
ment ., 
LIFETIME DEGRADATION BY 2 MEV ELECTRONS 
Eighteen  sa.mples r e p r e s e n t i n g  seven  d i f f e r e n t  c r y s t a l s  w e r e  
i r r a d i a t e d  w i t h  2 MeV e l e c t r o n s  t o  s t u d y  l i f e t i m e  d e g r a d a t i o n  and recovery  
i n  t h e s e  m a t e r i a l s .  During each  exposure,  two samples were i r r a d i a t e d  
s imul taneous ly  u s i n g  two e l e c t r o n  p u l s e s  f o r  a t o t a l  exposure of 
6.25 x 10 e l e c t r o n s  c m  (average energy 1.7 MeV). A f t e r  t h e  f i r s t  
p u l s e ,  t h e  samples w e r e  r e v e r s e d ,  r o t a t e d ,  and in te rchanged  t o  provide  
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2 
more uniform p e n e t r a t i o n  of t h e  beam and t o  e q u a l i z e  t h e  dose r ece ived  
by the. two samples.  The r e s u l t s  a r e  summarized i n  Table I which shows 
t h e  i . n i t i a 1  and p o s t - i r r a d i a t i o n  l i f e t i m e s  and t h e  damage c o n s t a n t  f o r  
each  sample. The damage c o n s t a n t ,  K, i s  de f ined  through t h e  r e l a t i o n s h i p  
4 - -  1 -  1 +-- 
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where r and r a r e  t h e  i n i t i a l .  and p o s t - i r r a d i a t i o n  l i f e t i m e s ,  respec-  
t i v e l y  and (?.I i s  t h e  e l e c t r o n  f luence .  
i n  microseconds2 K r e p r e s e n t s  t h e  f l u e n c e  r e q u i r e d  t o  reduce t h e  l i f e -  
t ime of an i n i t i a l l y  p e r f e c t  sample ( T  
i n d i c a t i o n  of t h e  r a d i a t i o n  r e s i s t a n c e  of t h e  sample. 
0 
I f  t h e  l i f e t i m e s  a r e  expressed 
=u)) t o  1 ps and i s  thus  an 0 
The sample d e s i g n a t i o n  scheme employed i n  Table I i s  as fo l lows:  
t h e  f i r s t  l e t t e r  ( S ,  T, M, or G )  i n d i c a t e s  t h e  c r y s t a l  manufac turer  
(Semi Elements,  Texas Ins t ruments ,  Merck, o r  General Electr ic ,  respec-.  
t i v e l y ) .  The second l e t t e r  ( C ,  V, L,  o r  F) denotes  t h e  c r y s t a l  growth 
techn'lque (Czochra lsk i ,  Vacuum-fl o a t -  2 m e  , LOPEY, o r  Fl.oat--zone i n  an  
i n e r t  atmosphere) The r e imin i  ng syiihols indTcate  the doparit impur i ty  
and t h e  i n i t i a l  r e s i s t i v i t y  measured a t  3OoC. Samples des igna ted  SGYO 
and SCBO conta ined  excess  oxygen i n  a d d i t i o n  t o  t h e  r e s p e c t i v e  phosphorus 
and boron dopants.  
Examination of t h e  d a t a  i n  Table  1 i n d i c a t e s  t h a t  t h e  damage con- 
s t a n t s  of samples c o n t a i n i n g  excess  oxygen a r e  c o n s i s t e n t l y  s m a l l e r  
t han  those  of s i m i l a r  samples which do no t  c o n t a i n  oxygen a s  an  added 
impur i tye  This  r e s u l t  i s  q u i t e  s u r p r i s i n g  s i n c e  w e  have p r e v i o u s l y  
found t h a t  samples p u l l e d  from a q u a r t z  c r u c i b l e  (Czochra lsk i  technique)  
and consequent ly  c o n t a i n i n g  up t o  - 10 oxygen atoms cm e x h i b i t e d  
l a r g e r  damage c o n s t a n t s  fo l lowing  10 MeV e l e c t r o n  i r r a d i a t i o n  than  d id  
oxygen-free ( <  1017 cme3) samples.  
e x h i b i t e d  by t h e  two GFAl samples i n d i c a t e  t h a t  t h i s  mater ia l .  i s  more 
r a d i a t i o n  r e s i s t a n t  t h a n  any of t h e  o t h e r  m a t e r i a l s .  However, t h e  l a r g e  
s ca t t e r  i n  t h e  damage r a t e s  f o r  i d e n t i c a l  samples p reven t s  a d e t a i l e d  
assessment  of any o t h e r  impur i ty  e f f e c t s .  P a r t  of t h i s  s ca t t e r  i s  due 
t o  s i g n i f i c a n t  t r a p p i n g  observed i n  some of t h e  m a t e r i a l s  e i t h e r  be fo re  
o r  a f t e r  i r r a d i a t i o n .  Such t r a p p i n g  causes  t h e  pho toconduc t iv i ty  t o  
3 
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The r e l a t i v e l y  l a r g e  darnage c o n s t a n t s  
SAMPLE 
SCPO 4,O 
SCPO 3.9 
SCPO 3,9 
T C P  10-5 
T C P  12.8 
SCBO 6.7 
SCBO 6.7 
SCBO 7,O 
TCB 10,3 
TCB 9.9 
MY3 8 , l  
MVB 8.4 
MVB 8.3 
T L A l  6.4 
T L A l  6,5 
TLAl  6.6 
GFAl 10,4 
GFA~ 10.1 
TABLE 1.. LIFETIME CHANGES PRODUCED I N  S I L I C O N  
BY 2 MEV ELECTROI? IRRADIATION 
1,73 
2.11 
2,14 
5,76 
6,49 
1,73 
2e02 
2.08 
5,63 
2.89 
5,05 
9.96 
9,24 
4.26 
6,13 
6,64 
16.45 
14.25 
20,5 
18.0 
21.6 
577 
53 4 
14.7 
20.2 
17,2 
225 
199 
112 
13 7 
115 
118 
144 
136 
171 
162 
K 2  14 e/cm ps  x 10 
1.318 
l,49 
1,49 
3,60 
4,11 
1.22 
1 Q 40 
1 4-8 
3,61 
1.83 
3,31 
6.72 
6,28 
2,76 
8 , O O  
4.36 
11,41 
9.77 
4 
decay non-exponent ia l ly  and compl ica tcs  t h e  l i f e t i m e  measurements. 
Add i t iona l  measurements w i l l  be performed t o  improve t h e  s t a t i s t i c s .  
ISOCHRONAL ANNEALING STUDIES ON 2 MEV ELECTRON-IRRADIATED SAMPLES 
S i x  of t h e  samples i n d i c a t e d  i n  Table I have been i s o c h r o n a l l y  
annea led  between 72°C and 253°C and t h e  r e s u l t s  i n d i c a t e  t h a t  l i f e t i m e  
recovery  fo l lowing  2 MeV e l e c t r o n  i r r a d i a t i o n  i s  s t r o n g l y  dependent 
upon t h e  i m p u r i t i e s  i n  t h e  sample. Phosphorus- and boron-doped samples 
c o n t a i n i n g  excess  oxygen (samples des igna ted  SCPO and SCBO i n  Table I) 
e x h i b i t e d  l i t t l e  o r  no l i f e t i m e  recovery  a f t e r  annea l ing  a t  253OC whi l e  
samples con ta in ing  t h e  same dopants bu t  less oxygen d i d  r ecove r  p a r t i a l l y  
a t  t h i s  temperature .  A s i n g l e  GFAl sample, on t h e  o t h e r  hand, recovered  
almost  completely.  
annea led  and i t  e x h i b i t e d  r e v e r s e  annea l ing  behavior  throughout  t h e  
One vacuum-float-zone sample c o n t a i n i n g  boron was 
annea l ing  cyc le .  We have observed s i m i l a r  behavior  i n  t h i s  m a t e r i a l  
fo l lowing  10 MeV-electron i r r a d i a t i o n .  
DOSE DEPENDENCE OF GIFETIME ANNEALING I N  GO6’ GAMMA-IRRADIATED SILIGON 
The f i v e  l i f e t i m e  samples which wcrc i sochpona l ly  annealed fo l lowing  
60 
exposure t o  d i f f e r e n t  Go 
Quar t e r ly  Report  - August 1968) were r e - i r r a d i a t e d  w i t h  a r e l a t i v e l y  
low dose (.- 1.40 x 10 R).  The samples were annealed a f t e r  t h e  second 
i r r a d i a t i o n  and t h e  amount of damage remaining a t  h igh  tempera’ture w a s  
a g a i n  dependent upon t h e  dose r e c e i v e d  i n  t h e  f i r s t  i r r a d i a t i o n  ( o r  t h e  
t o t a l  dose).  This r e s u l t  i s  s u r p r i s i n g  because l e s s  t h a n  1% of t h e  l i f e -  
t ime damage produced i n  t h e  f i r s t  i r r a d i a t i o n  w a s  p r e s e n t  a f t e r  t h e  f i r s t  
annea l .  The e x i s t e n c e  of t h i s  dose dependence sugges t s  t h a t  a t t empt s  
t o  provide  moderate- temperature  annea l ing  c y c l e s  f o r  s o l a r  ce l l s  i n  a 
use environment may prove unsuccessfu l .  
y-ray closes (see F igure  3 of t h e  f i r s t  
7 
LITHIUM DIFFUSION STUDIES 
A t t e m p t s  t o  d i s t r i b u t e  L i  uniformly throughout  bulk samples u s i n g  
v a r i o u s  h e a t  t r ea tmen t s  have been cont inued .  S ince  previous  h e a t  
t r ea tmen t s  performed i n  vacuum proved only  p a r t l y  s u c c e s s f u l  and i n d i c a t e d  
5 
t h a t  L i  w a s  be ing  l o s t  by e i t h e r  p r e c i p i t a t i o n  o r  evapora t ion  from t h e  
s u r f a c e ,  a subsequent  t r ea tmen t  was performed w i t h  t h e  sample i n  an  
a rgon  atmosphere t o  r e t a r d  p o s s i b l e  evapora t ion  of L i  from t h e  s u r f a c e ,  
The r e s i s t i v i t y  p r o f i l e  of t h i s  sample was e s s e n t i a l l y  i d e n t i c a l  t o  
t h a t  of a s i m i l a r  sample which was g i v e n  t h e  same h e a t  t r ea tmen t  bu t  i n  
vacuumo These s i m i l a r  r e s u l t s  i n d i c a t e  t h a t  t h e  appa ren t  l o s s  of L i  
as evidenced by t h e  i n c r e a s e  i n  r e s i s t i v i t y  of  samples a f t e r  prolonged 
h e a t i n g  is  due t o  p r e c i p i t a t i o n  r a t h e r  t han  t o  evapora t ion  from t h e  
s u r f a c e  and thus  can  n o t  be  in f luenced  by t h e  u s e  of  an i n e r t  gas  atmosphere. 
The r e s u l t s  t o  d a t e  i n d i c a t e  t h a t  r eg ions  of r e l a t i v e l y  uniform 
r e s i s t i v i t y -  3 mm wide can be ob ta ined  by d i f f u s i n g  l i t h i u m  i n t o  - 7 m 
t h i c k  s i l i c o n  s labs  and employing c e r t a i n  h e a t  t r ea tmen t s ,  S ince  t h e s e  
r eg ions  are of approximately t h e  same t h i c k n e s s  as t h e  samples t o  be  used 
i n  t h i s  s tudy ,  s u i t a b l e  saniples can  probably be ob ta ined  by b i s e c t i n g  
t h i c k e r  s l a b s  fo l lowing  t h e  a p p r o p r i a t e  d i f f u s i o n  c y c l e ,  A h igh  r e s i s t i v i t y  
n- type (phosphorus--doped) c r y s t a l  w a s  r ece ived  r e c e n t l y  and w i l l  be  used 
t o  produce such  samples, 
CONCLUSIONS AND FUTURE PLANS 
R e s u l t s  of measurements performed on l i f e t i m e  samples c o n t a i n i n g  B e  
and Cl i n d i c a t e  t h a t  t h e s e  m a t e r i a l s  cannot  be  used f o r  l i f e t i m e  s t u d i e s .  
S i n c e  we w e r e  a b l e  t o  o b t a i n  t h e s e  m a t e r i a l s  from only  one s u p p l i e r  and 
on ly  on a b e s t  e f f o r t  b a s i s ,  w e  do n o t  i n t e n d  t o  purchase  a d d i t i o n a l  
c r y s t a l s  f o r  f u r t h e r  s t u d i e s .  
S t u d i e s  of l i f e t i m e  degrada t ion  by 2 MeV e l e c t r o n s  w i l l  be  extended 
t o  i n c l u d e  Na-doped samples and a d d i t i o n a l  samples of v a r i o u s  m a t e r i a l s  
w i l l  b e  inc luded  t o  improve t h e  s ta t i s t ics  of t h e  damage c o n s t a n t  d e t e r -  
mina t ions .  
t o  improve t h e  accuracy  of t h e  p o s t - i r r a d i a t i o n  l i f e t i m e  measurements 
i n  some of  t h e  materials.  These s t u d i e s  w i l l  a l s o  be extended t o  Li-doped 
material as soon as s u i t a b l e  samples are  obta ined ,  
Smal le r  e l e c t r o n  doses  w i l l  be employed i n  t h e s e  s t u d i e s  
I sochrona l  annea l ing  s t u d i e s  w i l l  be performed on a t  l e a s t  one sample 
from each c r y s t a l  used i n  t h e s e  experiments ,  
i n d i c a t e  t h a t  t h e  annea l ing  behavior  is  s t r o n g l y  dependent upon bo th  t h e  
dopant impur i ty  and t h e  oxygen concen t r a t ion .  
S t u d i e s  performed t o  d a t e  
6 
The behavior  of F Z  AS-doped S i  i s  most encouraging, The e x c e l l e n t  
s t a r t i n g  c h a r a c t e r i s t i c s  of t h i s  m a t e r i a l  i n d i c a t e  it would be  s a t i s f a c t o r y  
f o r  so l a r  ce l l  f a b r i c a t i o n ,  while  t h e  decreased  degrada t ion  ra te ,  compared 
t o  o t h e r  materials, appears  s i g n i f i c a n t ,  S t u d i e s  w i l l  con t inue  t o  
a s c e r t a i n  t h e  s t a b l l i t y  and recombinat ion c h a r a c t e r i s t i c s  of d e f e c t s  i n  
Al-doped S i .  
7 
